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Rac family small G proteins (Rac1, Rac2, Rac3 and RhoG; a branch of the Rho family) control a myriad of essential cell responses, including adhesion, migration, reactive oxygen species formation and gene expression. [1] [2] [3] They can be activated by 2 types of guanine-nucleotide exchange factors (GEFs), Dbl or DOCK, which are characterized by the structure of their catalytic domains. Rac-GEFs promote the release of GDP from Rac, allowing excess free cellular GTP to bind, and thus induce the active conformation of Rac which is able to engage downstream targets and stimulate cell responses [4] [5] [6] (Fig. 1) .
The P-Rex family are Dbl-type Rac-GEFs. The founding member, PIP 3 -dependent Rac exchanger 1, P-Rex1 (PREX1), was discovered during a search for factors that activate Rac when stimulated by the lipid second messenger phosphatidyl inositol (3, 4, 5) trisphosphate (PIP 3 ) which is generated by class I phosphoinositide 3-kinase (PI3K). 7 P-Rex2 (PREX2) and P-Rex2b were discovered on the basis of their sequence homology with PRex1. 8, 9 P-Rex family proteins differ from other Dbl-type RacGEFs such as Vav, Tiam or Trio [4] [5] [6] in their domain structure and mechanisms of regulation. They have a number of physiological functions that are described in section "Physiological Function", an emerging role in metabolic disease that is discussed in section "Insulin Resistance and Type 2 Diabetes", and important roles in cancer progression that are described in section "Cancer".
Genes and Proteins
The coding sequence of the 2 P-Rex genes is 49% identical and conserved throughout vertebrates but absent from invertebrates. 8 In humans, the P-Rex1 gene (PREX1; NM_020820) is located in chromosome 20 (20q13.13), near a region associated with type 2 diabetes, and the P-Rex2 gene (PREX2; NM_024870) on chromosome 8 (8q13.2), in a region linked to aggressive cancers and metastasis. PREX1 encodes the protein P-Rex1 (185 kDa, 1659 amino acids (aa); NP_065871), and PREX2 encodes 2 proteins, full-length P-Rex2 (also known as P-Rex2a; 183 kDa, 1606 aa; NP_079146), and the splice variant P-Rex2b (112 kDa, 979 aa; NP_079446) which lacks the C-terminal half (Fig. 1) . The possibility of 2 additional P-Rex1 isoforms was predicted from database entries, and Western blots for isoform-specific epitopes suggested that one of these, a version truncated Cterminally by 10 kDa, might be expressed in breast cancer cells. 10 However, this protein appeared to co-migrate with full-length P-Rex1, and the underlying predictive database entry (BC-009948) was composed of 2 expressed sequence tags (ESTs) which show incomplete RNA processing at an exon/intron splice junction rather than alternative splicing. In addition, the possibility of a third isoform of P-Rex2, PRex2c, was recently proposed, based on mouse database entry AK138884 and the observation of a 120 kDa band in several tissues by P-Rex2 Western blot. 11 However, that database entry (and derived human entry B4DFX0) was an incomplete cDNA clone which terminates prematurely in the middle of an exon and does not encode a 120 kDa product. It seems likely that the observed 120 kDa band is a proteolytic fragment of P-Rex2, in analogy with a P-Rex1 product of comparable size that is often seen in P-Rex1 expressing tissues and almost certainly a proteolytic fragment according to mass spectrometric analysis. 7, 12 Therefore, until firm identification of further isoforms through cloning, mass spectrometry and expression studies, P-Rex remains a 3-member protein family (Fig. 1) .
Tissue Distribution and Regulation of Expression
P-Rex1 was originally purified from pig neutrophil cytosol by column chromatography on the basis of its ability to activate recombinant Rac1 in the presence of PIP 3 . The purification, which began with 90 L of porcine blood and ended with 0.5 mg of purified protein, showed that P-Rex1 is highly abundant in neutrophils, making up 0.1% of the cytosolic protein.
7,14 P-Rex1 is also strongly expressed in other peripheral blood leukocytes such as macrophages 15 and in several other cell types including platelets, 16, 17 endothelial cells 18 and neurons. 19 Tissue-wise, PRex1 is expressed strongly throughout the brain, and less strongly in several other tissues, including bone marrow, thymus, spleen, lymph nodes and lung. 7, 12, 19 P-Rex2 mRNA is detectable in many tissues, 8 but the distribution of the protein is more restricted, being strongest in brain and lung, weaker in liver and adipose tissue, and just detectable in skeletal muscle, thymus and spleen. 11, 12 Notably, P-Rex2 is not expressed in leukocytes. [20] [21] [22] Within the brain, P-Rex2 is predominantly found in the cerebellum, in particular in the cerebellar Purkinje neuron, but is also detectable in the frontal cortex, striatum, amygdala and hippocampus. 12 It is currently unknown through which mechanism the tissue distribution of P-Rex2 protein is more restricted than its mRNA. The expression of P-Rex2b mRNA seems limited to heart and endothelial cells, 9, 23 and endogenous P-Rex2b protein has to date only been studied in endothelial cells. 23 Both P-Rex1 and P-Rex2 are strongly deregulated in many types of cancer (see section "Cancer").
The mechanisms that regulate P-Rex expression have to date only been characterized in the context of their deregulation in cancer cells. Two types of epigenetic regulation have been identified. Histone deacetylases (HDACs) repress PREX1 transcription by deacetylating histones associated with the PREX1 promoter, 24 and micro RNA (miR) 338-3p represses the expression of PREX2 by interacting with its 3'UTR. 25, 26 Both mechanisms, described in detail here-below, repress P-Rex in Figure 1 . Domain structure and function. (A) Domain structure. P-Rex1 and P-Rex2 are typical Dbl-type Rho-GEFs 4, 5 and have identical domain structure. The N-terminal DH domain, which confers Rac-GEF activity, is followed by a PH domain which binds PIP 3 , followed by 2 DEP and 2 PDZ protein interaction domains and weak homology over their C-terminal half to inositol polyphosphate 4-phosphatase (IP4P) which harbours no phosphatase activity. 7, 8 P-Rex2b is a splice variant of P-Rex2. 9 (B) The Rac-GEF activity of P-Rex family proteins promotes the release of GDP from Rac (Rac1, Rac2, Rac3, RhoG), allowing excess free cellular GTP to bind, and thus induces the active conformation of Rac which is able to engage downstream targets and stimulate cell responses. [7] [8] [9] 19, 22, 34 In vitro, but likely not is cells, P-Rex can also activate some CDC42-like small G proteins. [7] [8] [9] 22 P-Rex1 is strongly expressed in leukocytes and neurons but also in platelets, endothelial cells and melanoblasts. 7, 8, [14] [15] [16] [17] [18] [19] P-Rex2 strongly expressed in Purkinje neurons and in non-haematopoietic cells of the lung, but also in liver and adipose tissue. 8, 11, 12 P-Rex2b is expressed in endothelial cells and in the heart. 9, 23 Both P-Rex1 and PRex2 are strongly overexpressed and/or mutated in several types of cancers.
normal cells, and loss of repression results in upregulation of PRex in cancer cells.
HDAC inhibitors or HDAC siRNA induce P-Rex1 expression in immortalized prostate epithelial cells and non-metastatic prostate cancer cell lines, whereas overexpression of HDACs reduces P-Rex1 levels in metastatic prostate cancer cells. 24 HDACs interact with a region 190-98 bp 5' of the PREX1 coding region which was identified as the minimal promoter by dual luciferase assay and as a binding site for the transcription factor Sp1. Mutagenesis of this binding site as well as Sp1 inhibition or siRNA showed that Sp1 drives P-Rex1 expression and is required for HDAC-mediated repression. In metastatic prostate cancer cells, repression is lost by a reduction in HDAC binding to the PREX1 promoter (despite normal Sp1 binding), which results in increased acetylation of PREX1 promoter-associated histone H4 despite normal global levels. It was proposed that such PREX1 locus-specific H4 acetylation might induce an open chromatin conformation which favors transcription. Several questions remain: what controls HDAC association with Sp1 to repress PRex1 in normal cells; how is this deregulated in metastatic cancer cells; what controls the association of Sp1 with the PREX1 promoter; how important is HDAC/Sp1 dependent regulation of PRex1 in other cell types; and finally, does a similar mechanism apply for P-Rex2?
Microarray and bioinformatic analysis recently suggested that PREX2 might be a target of miR-338-3p, a microRNA which is downregulated in human metastatic neuroblastoma 25 and in gastric cancer. 26 Mutational analysis combined with dual luciferase assays identified 3 adjacent regions in the 3' UTR of PREX2 as miR-338-3p binding sites and confirmed PREX2 to be a miR-338-3p target. 25 Overexpression of miR-338-3p mimics in a range of human neuroblastoma cell lines led to several-fold reductions in P-Rex2 protein levels, whereas downregulation of miR-338-3p through antisense oligonucleotides led to equivalent increases. P-Rex2 siRNA inhibited soft agar colony formation and matrigel invasion induced by miR-338-3p antisense, 25 suggesting that P-Rex2 could be a major target of miR-338-3p. Similarly, overexpression of miR-338-3p mimics reduced P-Rex2 levels in the gastric cancer cell line BGC-823, although in these cells, knockdown of miR-338-3p was insufficient to affect P-Rex2 levels or cell responses. 26 Usually, miRs are modulators of gene expression rather than all-or-nothing switches. Therefore, it seems likely that the substantial miRdependent changes in P-Rex2 expression observed in neuroblastoma and gastric cancer cells may be a special feature of some cancer cells, whereas unidentified mechanisms such as transcription factors are likely to dominate P-Rex2 expression in normal tissues.
Substrate Specificity
In vitro, full length P-Rex1 or the isolated DH/PH domain tandem (iDHPH) can activate all Rac-like Rho family small G proteins -the ubiquitous Rac1, haematopoietic Rac2, neuronal Rac3 and the more distantly related widely expressed RhoG -as well as some that are Cdc42-like (Cdc42 and TC10, but not TCL), but none that are Rho-like (RhoA, RhoB or RhoC). 7, 22, 27 In vivo, P-Rex1 substrate specificity is more restricted, which is not uncommon in GEFs and usually attributed to local substrate availability and binding affinities playing larger roles in vivo than in vitro. 28 In vivo, P-Rex1 activates Rac1, Rac2, Rac3 and RhoG, whereas there is no evidence for activation of Cdc42. Which particular isoform of Rac is activated by P-Rex1 in vivo depends both on cell type and upstream signal.
In mouse neutrophils, where endogenous Rac1 and Rac2 play non-redundant roles in ROS formation, cell spreading and motility, 29 P-Rex1 preferentially activates Rac2 upon GPCR stimulation, 20, 21, 30 but Rac1 upon E-selectin engagement. 31 In contrast, in macrophages, which also express both Rac1 and Rac2, P-Rex1 activates Rac1 upon GPCR stimulation. 15 Recently, RhoG was identified as a major in vivo target of P-Rex1 in neutrophil GPCR signaling. 22 The similar effects of P-Rex1 and RhoG-deficiency led to the suggestion that PRex1-dependent Rac activity may be downstream of RhoG, potentially mediated by DOCK2/Elmo. 22 However, while the phenotypes of P-Rex1 ¡/¡ and RhoG ¡/¡ neutrophils are compellingly similar, they are not identical. P-Rex1 deficiency impairs GPCR-stimulated actin polymerization as well as actin polarization, whereas RhoG deficiency only affects the latter. 21, 22, 30 Furthermore, P-Rex1 ¡/¡ mice show a defect in peritoneal neutrophil recruitment during inflammation whereas RhoG ¡/¡ mice do not. 21, 30, 32 Hence, the hypothesis that P-Rex1 controls Rac largely indirectly in neutrophil GPCR signaling, in a hierarchical pathway through RhoG and DOCK2, remains to be confirmed by double knockout and reconstitution studies and must also be investigated for other pathways and in other cell types (see also section "Leukocytes and Inflammation").
In neurons, endogenous Rac1 and Rac3 play non-redundant roles in neuritogenesis, 33 and P-Rex1 has variously been reported to induce activation of either isoform in NGF-stimulated neuronal PC12 cells. 19, 34 However, P-Rex1 activity toward Rac3 has to date only been investigated using overexpressed Rac protein and therefore requires confirmation. 34 Lack of P-Rex1-dependent Cdc42 activity under conditions that stimulate its Rac-GEF activity has been seen in a range of cell types, including neutrophils, 35 PC12 cells 19 and overexpressing Sf9 insect cells. 7 Similarly, P-Rex1 did not activate RhoA. 17, 19, 36 Moreover, overexpression of P-Rex1 in endothelial cells, 7 myeloid cells, 37 fibroblasts 38 or neurons 19 induces cell morphologies typical for active Rac (spreading, lamellipodia formation, membrane ruffling) rather than Cdc42 (filopodia and microspike formation) or RhoA (stress fibers). 3, 39 However, as none of these studies included controls for Cdc42 activation, such as Cdc42-GEF expression, in vivo Cdc42-GEF activity of P-Rex1 cannot be categorically excluded, although on balance, it seems unlikely.
Like P-Rex1, P-Rex2 can activate Rac1 in vitro and in vivo, and is unable to activate Cdc42 in vivo, but unlike PRex1, its iDHPH domains seem unable to activate Cdc42 even in vitro. 8, 40 P-Rex2b activates endogenous Rac1 in sphingosine 1-phosphate (S1P)-stimulated endothelial cells 23 and overexpressed Rac1 but not Cdc42 in HEK-293 cells, 9 but it remains to be tested in vitro. Curiously, analysis of Rac1 binding to P-Rex2 mutants suggested that the PH domain rather than the DH domain might confer substrate recognition and specificity, as its iPH is sufficient for binding. 40 However, if such Rac binding to the PH domain occurs, it is unlikely that the Rac molecule which binds to the PH domain is the same as that activated by the DH domain, as iDH of P-Rex2 is sufficient for Gbg-stimulated Rac1-GEF activity (Fig. 2) , similar to the iDH domain of P-Rex1 being sufficient for its Gbg-stimulated Rac-GEF activity. 41 
Regulation of Activity
As is typical for Rac-GEFs, full length P-Rex proteins have low basal activity and are stimulated by the release of intramolecular inhibition, as shown by the analysis of deletion and truncation mutants. However, the combination of signals that activate P-Rex proteins is unique to this Rac-GEF family.
Activation by PIP 3 and Gbg Native P-Rex1 was originally purified from neutrophils on the basis of being activated by PIP 3 , 7 and the Rac-GEF activity of purified recombinant human P-Rex1 can be directly stimulated more than 30-fold by PIP 3 , with an EC 50 of 1.5 mM.
7,42 The Figure 2 . Synergistic activation by PIP 3 and Gbg: .A) P-Rex proteins have low basal activity and are stimulated by the release of intramolecular inhibition. The Rac-GEF activity of P-Rex1 is directly stimulated by the lipid second messenger PIP 3 which is generated by PI3K activity and by the Gbg subunits of heterotrimeric G proteins. 7, 42 Direct stimulation of P-Rex1 Rac-GEF activity by PIP 3 occurs through the PH domain, and stimulation by Gbg occurs through the DH domain, 37, 42 although Gbg stimulation requires the presence of further domains in vivo. 43 The left-hand panel was adapted from ref. 7, the others from ref. 42 . (B) PIP 3 or Gbg alone are sufficient to stimulate P-Rex Rac-GFEF activity, but they can also activate P-Rex GEFs synergistically, 7, 42, 43 both in vitro and in vivo. This enables P-Rex family Rac-GEFs to act as coincidence detectors for the concomitant stimulation of a range of different types of PI3K-coupled receptors and GPCRs. [7] [8] [9] 23, 43, 51, 75 In addition to Rac-GEF activity, PIP 3 and Gbg, also synergistically stimulate the membrane localization of P-Rex1. 37 (C) The iDH domain of P-Rex2 is sufficient for Gbg-stimulated Rac1-GEF activity. Activation of GST-Rac1 by EE-tagged full-length P-Rex2 (black) or isolated DH domain of P-Rex2 (iDH) (gray) is stimulated by EE-Gb 1 g 2 or by EDTA (as positive control) in an in vitro Rac-GEF activity assay that was done essentially as described. 41 All recombinant proteins were purified from Sf9 insect cells. Data were generated by Sarah Donald and are representative of 3 independent experiments. fact that neutrophils exhibit significant Gbg-dependent Rac activity as well as PIP 3 -dependent Rac activity led to the discovery that purified native or recombinant Gbg subunits (but not Ga) can directly activate purified P-Rex1, to a similar degree as PIP 3 . 7, 42 Furthermore, PIP 3 and Gbg can stimulate P-Rex1 activity synergistically 7, 43 (Fig. 2) . Similarly, Pak-CRIB pull down assays in Sf9 cells expressing P-Rex1, PI3K and Gbg showed that P-Rex1 is also synergistically stimulated by PI3K activity and Gbg in vivo, and suggested that it might act as a coincidence detector for the concomitant stimulation of PI3K-coupled receptors and GPCRs. 7 While other Rac-GEFs can also be directly activated by PIP 3 (e.g. Swap70 44 ) or can directly bind Gbg (Dbl 45 ), the synergistic activation by PIP 3 and Gbg is unique to the P-Rex family. Several other Rac-GEFs can be activated by Gbg in vivo, including PLEKHG2 46 and DOCK180/Elmo1, 47 but as yet without evidence for direct activation in vitro. The most promising example for direct Gbgdependent activation of GEFs other than P-Rex is for DOCK/ Elmo complexes in Dictyostelium, where direct Gbg binding to ElmoE was suggested by FRET, 48 although direct Gbg-dependent activation of DOCK/Elmo remains to be confirmed with recombinant proteins.
A panel of purified deletion and truncation mutant P-Rex1 proteins showed that iDH is sufficient for its basal and Gbg stimulated Rac-GEF activity, 37, 42 and iDHPH for its PIP 3 -stimulated Rac-GEF activity, whereas deletion of the DEP, PDZ of IP4P domains did not fundamentally affect its ability to be stimulated by PIP 3 or Gbg. 42 Yet, deletion of the DEP or PDZ domains resulted in constitutively active protein, suggesting that interactions between these domains and the DHPH tandem keep the basal activity of the full-length protein low. 42 Phosphoinositide binding assays showed that both PIP 3 and PI(34)P 2 can bind to purified P-Rex1, although only PIP 3 can stimulate its Rac-GEF activity, 7 and that iPH is sufficient for PIP 3 binding. 42 However, a mutant lacking the PH domain (DPH) retained some PIP 3 binding ability, so there remains some possibility of further PIP 3 binding sites. 42 Analysis of a range of Gb and Gg protein dimers showed that many different, but not all, combinations can activate PRex1. Among the different Gb proteins (tested in complex with Gg 2 ), Gb 1 , Gb 2 , Gb 3 and Gb 4 all activated P-Rex1 whereas Gb 5 did not. 49 Similarly, among Gg proteins (in complex with Gb 1 ), Gg 2 , Gg 3 , Gg 7 , and Gg 13 activated PRex1 equally well, Gg 11 and Gg 12 less so, and Gg 1 least. 49 Furthermore, P-Rex1 was not activated by any Ga subunits tested (Gi, Gs, Gq, G12 or G13). 49 This study suggested that only Gb 5 g 2 -coupled GPCRs would be unable to signal through P-Rex1 (such GPCRs are unlikely to exist), and indeed all GPCRs examined to date in P-Rex expressing cell types can signal through P-Rex. However, the profile of Gbgs able to activate P-Rex1 mirrors that which activates the Gbg-dependent haematopoietic PI3K isoform PI3Kg, 49 and PI3Kg is known not to be activated by all GPCRs. 50 This is usually attributed to limited cellular availability of certain Gbgs, and similar limitations are likely to apply during activation of P-Rex.
The fact that the catalytic iDH domain is sufficient for Gbg-dependent stimulation of GEF activity in vitro 37, 42 was surprising, as it implied that other Dbl-type Rho-GEFs may also be activated by Gbg subunits. This possibility remains to be explored. Convincing signal-to-noise ratios are difficult to obtain in Gbg binding assays, and while Gbg binding to full-length PRex1 was successfully determined to occur at 1:1 stoichiometry, with a K D of 0.3 mM, 43 the affinity for iDH remains to be determined and may well be too low to be relevant in vivo. Expression of P-Rex1 deletion and truncation mutants showed that the iDH is insufficient for robust Gbg binding in vivo and that an interaction between the second DEP, first PDZ and IP4P domains favors Gbg association. 43 P-Rex1 mutants isolated from this overexpression system retained only part of their Gbg sensitivity, and endogenous Rac activity remains to be determined. However, both the N-and C-terminal halves of P-Rex1 were clearly required for downstream responses such as cell spreading to be Gbg sensitive. 43 One argument against an essential role of the C-terminal half for the Gbg sensitivity of P-Rex proteins in vivo is the fact that the Rac-GEF activity of P-Rex2b, which lacks the C-terminal half, is stimulated by the expression of Gbg, although indirect effects of Gbg in vivo cannot be excluded. 23 Like P-Rex1, P-Rex2 is directly and synergistically activated by PIP 3 and Gbg in vitro (P-Rex2b remains to be assessed), and both P-Rex2 and P-Rex2b are also synergistically stimulated by PI3K activity and Gbg expression in vivo. 8 9,23 Interestingly, inhibition of PI3K in HEK-293 cells abolishes P-Rex2b and Gbg dependent serum response transcription factor activity, which led to the suggestion that PI3K activity may be a pre-requisite for Gbg stimulation of P-Rex2b in vivo. 23 However, while serum response factor activity does require active Rac, it can also be stimulated through other pathways, some of which mediated through Gbg or PI3K, independently of P-Rex2b, 23 so this hypothesis needs further exploration. Finally, it was suggested that iPH of P-Rex2 may suffice for Gbg binding, but as mentioned above these assays are difficult, and this particular interaction was indeed not observed at stoichiometrically relevant concentrations of Gbg. 23 Furthermore, iDH is sufficient for Gbgdependent Rac1-GEF activity of P-Rex2 in vitro (Fig. 2) .
A seminal study by the Kazanietz lab illustrates best how intricate the regulation of P-Rex1 by PI3K-coupled receptors and GPCRs can be in vivo. 51 shRNA knockdown of P-Rex1 showed that P-Rex1 mediates Rac1 activity, chemotaxis and transforming capacity in breast cancer cell lines stimulated by heregulin (HRG), a ligand of the receptor tyrosine kinase (RTK) ErbB3. PI3Kg inhibitors or PI3Kg shRNA showed furthermore that this typically haematopoietic Gbg-dependent isoform of PI3K is required. The sensitivity of HRG-stimulated Rac activity to pertussis toxin (PTX) first suggested an involvement of GPCRs in this RTK-dependent response, and the SDF1 receptor CXCR4 was identified as the GPCR mediating it, through knockdown by CXCR4 siRNA. The fact that the CXCR4 antagonist AMD-3100 did not inhibit HRGstimulated Rac1 activity or migration, while efficiently blocking SDF1 responses, showed that HRG responses do not involve ligand-dependent activation of the CXCR4. Bioluminescence resonance energy transfer (BRET) showed that, instead, stimulation of ErbB3 is sufficient to transactivate the CXCR4 and induce its interaction with downstream effectors. Even more intricately, this transactivation of CXCR4 by the HRG receptor was shown to occur via the EGFR, ErbB1, as the EGFR inhibitor AG1478 or EGFR siRNA inhibited HRG-stimulated CXCR4 phosphorylation and Rac activity. 51 Therefore, in breast cancer cells, stimulation of ErbB3 activates Rac through Gbg-dependent PI3Kg and P-Rex1, via the GPCR CXCR4, but independently of the natural CXCR4 ligand SDF-1a, through a transactivation mechanism which involves the EGFR. Considering their size and the abundance of protein interaction domains in P-Rex family Rac-GEFs, remarkably few proteins have been identified that bind directly. The substrate Rac and the activator Gbg bind directly to the DH domain and the phosphoinositide activator PIP 3 to the PH domain. PP1a-binds directly to the RVXF motif and dephosphorylates S1165 of P-Rex1, another direct mechanism of activation. 41 PKA directly inactivates P-Rex1 (P-Rex2 was not tested) but the binding and targets sites are unknown (as denoted by the question mark). 53 Apart from these regulators, mTOR and PTEN are known to bind directly. P-Rex1 and P-Rex2 bind to mTOR through their DEP domains and form part of TORC1 and TORC2. P-Rex1 affects mTOR responses, but it is unclear whether up-or downstream.
60 P-Rex2, but not PRex1, binds to the tumor suppressor PTEN through its PH domain, thus inhibiting PTEN phosphatase activity, 58 although the IP4P domain also contributes to PTEN binding. 11 Additional interactions, which may be indirect, are seen in vivo. Unidentified serine kinases regulate P-Rex1 activity upon RTK stimulation of breast cancer cells, 10, 54 and PKCd or Akt regulate its activity upon overexpression in COS phox cells. 55 P-Rex2 interacts with IGF1 receptor in HEK-293 cells.
11 P-Rex1 interacts with Akt1 in overexpressing HEK-293 cells, likely through TORC, 56 with overexpressed PDGFRb in immortalized human fibroblasts, 38 with ephrin-B1 in mouse embryonic cortex, 62 with EHBP1 in prostate cancer cells, 63 with the Rap1-GTP binding domain of RalGDS in HUVECs, 65 and its isolated PDZ domains interact with Edg1 in overexpressing HEK-293 cells. 61 Arrows denote activation, blunt ends show inhibition, and bobble-ends show direct binding. (B) Roles of P-Rex1 and P-Rex2 in Insulin signaling. Insulin or IGF-1 binding stimulate the Insulin receptor which leads to activation of tyrosine-kinase sensitive class 1A PI3Ks. 50 These PI3Ks produce PIP 3 which directly activates both P-Rex1 54, 56, 63, 74, 75 and P-Rex2 11,58 to stimulate Rac GTP-loading and Racdependent responses such as cell migration. P-Rex2, but not P-Rex1, inhibits PTEN, thereby blocking the removal of PIP 3 by PTEN and enhancing PI3K signaling.
11,58 PIP 3 also directly activates PDK1 which activates Akt by phosphorylating T308 and the downstream signaling cascade that stimulates cell growth. 50 In addition, PIP 3 activates the TORC2 complex (DPDK2), leading to further activation of Akt (phospho-S473), and activation of Rac through an unknown pathway that may involve P-Rex. 50 ,60 P-Rex1 and PRex2 also both directly bind to the TORC1 and TORC2 complexes, although it is still unclear how this affects both mTOR signaling and P-Rex activity. 60 Activation by PP1a P-Rex2 was identified as a putative binding partner of the serine phosphatase PP1a in a screen for proteins containing motifs which typically confer PP1 binding. 52 Characterization of the interaction showed that purified P-Rex1 or PRex2 can both bind directly to purified PP1a (Fig. 3A) , that binding is conferred through the RVxF motif in their IP4P domains, and that endogenous P-Rex1 constitutively interacts with endogenous PP1a in cells. 41 The Rac-GEF activity of P-Rex1 was directly stimulated by PP1a in vitro, around two-fold, and this was largely dependent on the phosphatase activity of PP1a. Co-stimulation with PP1a and either PIP 3 or Gbg had additive effects. In HEK-293 cells, P-Rex1 dependent Rac activity was stimulated four-to-five fold by coexpression of PP1a, required an intact RVxF motif, and could also be elicited by the closely related PP1a isoform PP1b, although to a lesser extent. Mass spectrometric analysis and mutagenesis showed that PP1a dephosphorylates at least 3 serine residues, S834, S1001 and S1165 in P-Rex1, of which S1165 is the major target site and conserved in PRex2 and throughout vertebrate evolution 41 ( Fig. 3A) . As P-Rex2b does not contain the RVxF motif, nor S1165, this splice variant must therefore escape the regulation through PP1a. Questions that remain are: is the interaction between P-Rex proteins and PP1a regulated by signaling events, does it affect their subcellular localization, and which kinases counteract the effects of PP1a?
Inhibition by PKA Treatment of purified recombinant P-Rex1 with purified cAMP-dependent kinase (PKA) completely blocks its activation by Gbg/PIP 3 or PIP 3 alone (and presumably also its basal activity but that was not tested) ( Fig. 3A) , whereas treatment with l-phosphatase increases it. 43, 53 Interestingly, surface plasmon resonance showed that PKA-treated purified P-Rex1 cannot bind Gbg. 43 Overexpressed P-Rex1 is also inhibited by endogenous PKA in vivo, as shown by stimulation of HEK-293 cells with isoproterenol, an agonist of Gs-coupled b-adrenergic GPCRs which lead to the activation of PKA, or with the direct PKA activator Sp-cAMPS. 53 Expression of the catalytic subunit of PKA in HEK-293 cells blocks the interaction between overexpressed PRex1 and Gbg as well as between the isolated N-and C-terminal halves of P-Rex1, suggesting that PKA regulates both Gbg and interdomain interactions. 43 However, the effects of PKA on endogenous P-Rex1 remain to be tested. Furthermore, P-Rex1 contains 28 putative PKA phosphorylation sites, 53 and the residues that are phosphorylated by PKA remain to be identified. In any event, it is unlikely that PKA is the kinase which counteracts the activation of P-Rex proteins by PP1a, as the main PP1a target residue S1165 does not lie within a PKA consensus sequence. 41 Other regulation through kinases Further research into P-Rex phosphorylation has revealed important indirect mechanisms that regulate P-Rex1 activity.
Mass spectrometric analysis of a »180 kDa phosphoprotein in MCF7 breast cancer revealed P-Rex1 phosphorylation on S315, S319, S605/606 and S1169. 10 Phosphospecific ABs showed that stimulation of breast cancer cells with neuregulin (NRG), a ligand of Erb-family RTKs, decreases phosphorylation of S313 and S319 whereas phosphorylation of S605 and S1169 is increased, with S1169 showing the biggest response. Phosphorylation of S1169 was also observed in NRG-stimulated breast cancer cells from patient ascites fluid and in breast cancer cell lines stimulated with other RTK ligands, including IGF-I (but not EGF) in T47D cells or PDGF in HS578T cells. Expression of PRex1 mutant S313A increased basal Rac activity in MCF7 cells whereas S1169A decreased basal or NRG-stimulated Rac activity. Importantly, proliferation of MCF7 cells, when inhibited by downregulation of P-Rex1, could be rescued by WT P-Rex1 but not by the S1169A mutant, suggesting that S1169 phosphorylation is required. Furthermore, proliferation of HCC3153 cells was stimulated by the expression of S313A but not WT P-Rex1, suggesting that relief of inhibitory S313 phosphorylation may be sufficient. Use of mTOR inhibitors or mTOR shRNA in MCF7 cells has ruled out the possibility of IGF-1 stimulated P-Rex1 S1169 phosphorylation being mediated by mTOR activity. 54 Therefore, the serine kinases and phosphatases that mediate PRex1 serine phosphorylation of upon cell stimulation through RTKs remain to be identified. P-Rex1 expression mediates fMLP stimulated ROS formation in COS phox cells (COS cells which express essential components of the NADPH oxidase and the fMLP receptor for reconstitution of the phagocyte oxidative burst). 55 In this system, P-Rex1 dependent ROS formation is potentiated by coexpression of PKCd or Akt, and sensitive to the Akt inhibitor SHX, suggesting that PKCd and Akt may be further regulators of P-Rex1 activity. 55 However, expression of kinase-dead Akt reduced P-Rex1 dependent ROS, and Akt phosphorylation was affected by PRex1 expression, suggesting that Akt is also at least partially downstream of P-Rex1. The effects of PKCd or Akt on P-Rex activity have not yet been investigated in vitro, so may be indirect, nor on the endogenous level. However, Akt1 was also separately described as a P-Rex1 interacting protein, and in that study too, there was evidence for Akt1 being both upstream and downstream of P-Rex1 (see Section "mTOR and Akt1"). 56 
Regulation of Subcellular Localization
Rac proteins are activated at cellular membranes, and membrane localization of Rac-GEFs is required for the activation of Rac. However, like most Rac-GEFs, P-Rex1 and P-Rex2 are largely cytosolic in basal cells, and their membrane translocation requires cell stimulation. 7, 8, 19, 37, 57, 58 In some situations, stimulation of PI3K-coupled receptors is sufficient for P-Rex membrane translocation. For example, TNFa-stimulation induces membrane translocation of endogenous P-Rex1 endothelial cells, in a manner sensitive to the PI3K inhibitor LY294002, 36 and SDF1-or HRG-stimulation induce translocation in MCF-7 cells. 51 However, PDGF is not sufficient for significant translocation of overexpressed P-Rex1 or P-Rex2 in endothelial cells. 7, 8, 37 Similarly, the presence of PIP 3 alone is insufficient to stimulate a robust association of the purified iDHPH domains of P-Rex1 with liposomes. 59 In contrast, cell stimulation that leads to the concomitant production of PIP 3 and Gbg does induce robust membrane translocation. For example, stimulation of monocytic THP1 cells with the GPCR ligand MCP-1, which leads to concomitant Gbg release and PIP 3 production (the latter through Gbg-dependent haematopoietic PI3Kg), induces robust plasma membrane translocation of P-Rex1. 37 Similarly, subcellular fractionation of human neutrophils showed that fMLP stimulates translocation of endogenous P-Rex1 from the cytosol to a plasma-membrane enriched fraction. 57 In addition, immunofluorescence microscopy suggested possible polarized localization of P-Rex1 at the leading edge of neutrophils upon GPCR stimulation, 57 but as expression levels in primary neutrophils are difficult to manipulate, this requires confirmation, for example through the use of P-Rex1 ¡/¡ mouse neutrophils. Similar to the studies in myeloid cells, subcellular fractionation of Sf9 cells expressing P-Rex1 in combination with PI3K or Gbg also showed that both PI3K activity and Gbg are required for robust membrane localization, and the use of P-Rex1 mutants demonstrated furthermore that iDHPH is sufficient for synergistic stimulation. 37 Hence, PIP 3 and Gbg not only synergistically stimulate the Rac-GEF activity of P-Rex1, but also its membrane recruitment (Fig. 2) .
Membrane-derived P-Rex1 migrates on gels similarly to PRex1 activated by PP1a whereas cytosolic P-Rex1 migrates more like the phosphorylated inactive protein. 37, 53 Furthermore, PRex1 purified from Sf9 cell membrane has higher Rac-GEF activity than cytosol-derived P-Rex1, although both can be further stimulated by PIP 3 and Gbg 37 . These observations led to the suggestion that dephosphorylation of P-Rex1 by PP1a in the cytosol may facilitate its access to PIP 3 and Gbg in the membrane, a possibility which remains to be explored. Finally, use of the GEF-dead P-Rex1 mutant E56A/N238A showed that Rac-GEF activity is not required for the synergistic stimulation of PRex1 membrane localization by PIP 3 and Gbg 37 .
Binding Proteins
Considering their size and the abundance of protein interaction domains in P-Rex family Rac-GEFs, remarkably few P-Rex binding proteins have been identified to date, and of these, only mTOR and PTEN have been shown to bind P-Rex proteins directly (Fig. 3) . However, a number of new interactions in cells have been identified over the past year.
mTOR and Akt1
A yeast 2-hybrid screen using the tandem DEP domains of PRex1 as bait identified mTOR as a potential interactor. 60 Characterization of the interaction showed that iDEP/DEP or full-length P-Rex1 interact with full-length mTOR or its isolated C-terminus when overexpressed in HEK-293 cells, and that endogenous mTOR interacts with endogenous P-Rex1 in HeLa cells. The in vitro-translated C-terminus of mTOR interacted with iDEP/DEP purified from HEK-293 cells, which strongly suggested that the interaction is direct, although direct binding is difficult to ascertain when proteins are isolated from mammalian cells with undefined purity. The interaction with mTOR is not restricted to P-Rex1 but also occurs with P-Rex2 and P-Rex2b (Fig. 3) . Unsurprisingly, considering its direct interaction with mTOR, P-Rex1 interacted in HEK-293 cells with both mTORcontaining protein complexes, TORC1 which is central in cell growth and TORC2 which controls morphology and migration 56, 60 (Fig. 3B) . Furthermore, shRNA knockdown of endogenous P-Rex1, or expression of a dominant negative DDH mutant of P-Rex1 in HeLa cells inhibits leucine-stimulated endogenous Rac activity and migration, suggesting that P-Rex1 is involved in TORC2 dependent processes. DDH did not inhibit leucinestimulated p70 S6K activity which led to the suggestion that PRex1 may preferentially signal through TORC2 rather than TORC1. 60 However, shRNA knockdown of P-Rex1 did inhibit p70 S6K activity, 60 suggesting that P-Rex1 might contribute to TORC1 signaling as well as TORC2. These intriguing differences revealed by the comparison of the DDH mutant with shRNA imply that the effects of P-Rex1 on TORC1 would be Rac-GEF activity dependent whereas those on TORC2 might be Rac-GEF activity independent. This possibility should be elucidated further, for example through the use of GEF-dead P-Rex mutants.
Furthermore, while the original identification of the P-Rex/ mTOR interaction favored a model which situated P-Rex1 downstream of mTOR, further research suggested that P-Rex1 can likely act both upstream and downstream of mTOR. 56 More work is required, for example through in vitro assays for mTOR kinase and P-Rex1 GEF activity or the reconstitution of lost TORC1 or TORC2 function by active P-Rex1, to ascertain under which conditions P-Rex1 signals in sequence with or parallel to mTOR and if it affects one of the mTOR complexes preferentially.
TORC2 is the kinase that phosphorylates Akt on S473, thereby fully activating Akt (whereas the PIP 3 -dependent PDK1 phosphorylates T308) (Fig. 3B ). P-Rex1 was shown to interact with Akt1 as well as with TORC1 and TORC2 upon overexpression in HEK-293 cells, and this constitutively increased Akt1 phosphorylation on S473. 56 In SKOV3 ovarian carcinoma cells, where Akt1 mediates migration downstream of TORC2, shRNA knockdown of P-Rex1 inhibited both Akt1 activity and cell migration, suggesting that P-Rex1 functions upstream of both TORC2 and Akt1. 56 However, constitutively active Akt1 was unable to overcome the inhibition of SKOV-3 cell migration induced by shRNA knockdown of P-Rex1, leading to the proposal that P-Rex1 may also signal downstream of Akt1, with a positive feedback loop between Akt1 and P-Rex1-dependent Rac activity. 56 It remains to be seen if the interaction of P-Rex1 with Akt1 is entirely mediated through mTOR, or indeed if it might be direct and if Akt1 can phosphorylate P-Rex1. Finally, P-Rex1 dependent activation of Akt was also observed in platelets stimulated through the GPCR for thromboxane 2. 17 However, PRex1-dependent regulation of Akt has not been observed in all situations. For example, Akt activity is normal in fMLP-stimulated P-Rex1 ¡/¡ neutrophils, 21 or in HRG-stimulated T47D breast cancer cells treated with P-Rex1 siRNA. 51 
PTEN
The tumor suppressor PTEN was identified by mass spectrometry to be a binding protein of P-Rex2, in a study by the Parsons lab which propelled the P-Rex family from the interest of a select few to superstardom in cancer research (see section "Cancer"). 58 The interaction between P-Rex2 and PTEN occurs on the endogenous level in HEK-293 cells, mouse embryonic fibroblasts (MEFs) and mouse liver; it requires the C2 domain and C-terminal tail of PTEN and the PH domain of P-Rex2; and it is direct, as shown by the binding of bacterially derived purified GST-PTEN to in vitro-translated iPH 11, 58 (Fig. 3) . CoIP experiments with P-Rex2 and PTEN mutants showed complex interactions between the 2 proteins in vivo. The IP4P domain of P-Rex2 interacts with the C-terminal PDZ-binding domain of PTEN, and the PH domain binds the catalytic and C2 domains of PTEN. 11 Crucially, full-length P-Rex2 or iDHPH inhibit the phosphatase activity of PTEN at equimolar concentrations when purified from HEK-293 cells and tested with soluble di-C8-PIP 3 as substrate. 58 The effects on PTEN are specific to P-Rex2, as P-Rex1 does not coIP with PTEN from overexpressing HEK-293 cells, nor does its PH domain inhibit PTEN activity 11, 58 (Fig. 3) . In contrast, the effects of P-Rex2 on PTEN do require the lipid phosphatase activity of PTEN as shown by the inability of P-Rex2 to restore Akt phosphorylation in U87 glioma cells expressing lipid phosphatase-dead PTEN. Furthermore, while phosphorylation of the PTEN tail on regulatory residues is not required for P-Rex2 interaction, mutation of these residues renders PTEN phosphatase activity insensitive to P-Rex2 in U87 cells. Similarly, purified recombinant P-REX2 is unable to inhibit unphosphorylated purified PTEN in vitro, but does inhibit the phosphorylation mimic PTEN-3E at equimolar concentrations. 11 Importantly, inhibition of PTEN by P-Rex2 is Rac-GEF activity independent. This was initially concluded from the fact that full-length P-Rex2 or a GEF-dead P-Rex2 N212A mutant in U87 cells were similarly able to inhibit PTEN when coIPed from HEK-293 cells, or to restore Akt phosphorylation (on T308 and S473) lost upon PTEN expression. 58 While P-Rex2 N212A may still have residual GEF activity, as extrapolated from P-Rex1 which requires double-mutation of E56A and N238A to be fully GEF-dead, iPH of P-Rex2 was later shown to be sufficient for PTEN inhibition, proving unequivocally that the Rac-GEF activity of P-Rex2 is not required.
11
The authors proposed the following model: The P-Rex2 DH domain blocks access of the PH domain to the PTEN tail as long as the tail is unphosphorylated, with IP4P providing structural support. Phosphorylation of the tail is somehow "read" by the PRex2 DH domain, which frees the PH domain to inhibit PTEN. 11 The charge change in the phosphorylated PTEN tail was proposed to be the message "read" by the DH domain, but another possibility could be that PTEN phosphorylation induces a conformational change robust enough to affect P-Rex2 interdomain interactions. If the proposed freeing of the DH domain occurs, one would predict -in analogy with P-Rex1 -that PTEN tail phosphorylation affects P-Rex2 Rac-GEF activity as well as P-Rex2-dependent PTEN inhibition. However, the effects of the PTEN interaction on P-Rex2 Rac-GEF activity remain to be investigated.
Other interactions (possibly indirect)

Receptors
In serum-starved U87 cells, P-Rex2 restores Akt phosphorylation lost upon PTEN expression when the cells are stimulated with Insulin or PDGF (but not EGF) 58 ( Fig. 3B) . Similarly, PRex2 ¡/¡ MEFs show reduced Akt phosphorylation when stimulated with IGF1 (but not PDGF or EGF). 11 This prompted investigations into interactions between P-Rex2 and RTKs. Indeed, overexpressed P-Rex2 coIPs with the phosphorylated IGF1 receptor from HEK-293 cells upon insulin-stimulation, but not with EGF receptor upon EGF stimulation, 11 suggesting that P-Rex2 can be recruited selectively into some RTK containing complexes. Similarly, P-Rex1 coIPs with overexpressed PDGFRb but not PDGFRa from immortalized human fibroblasts, demonstrating that RTK interaction is not restricted to PRex2. 38 Furthermore, PDGFRb coIPs both with WT or GEFdead P-Rex1, showing that Rac-GEF activity is not required. 38 The possibility of direct association of P-Rex family GEFs with RTKs remains to be investigated. In addition to interacting with RTKs, they may also bind to GPCRs, as suggested by coIP of the S1P receptor Edg1 with the iPDZ/PDZ domains of P-Rex1 from overexpressing HEK-293 cells. Unsurprisingly, this interaction is mediated by the intracellular C-terminus of the GPCR, 61 but it remains unknown whether full-length P-Rex1 can also interact with the GPCR and whether binding might be direct.
Ephrin-B1
P-Rex1 has recently been shown to bind to the transmembrane protein ephrin-B1, a ligand of the RTK EphB which controls neuronal migration and axonal guidance. This was shown through coIP from mouse embryonic cortex transiently overexpressing P-Rex1 by in utero electroporation. 62 This required the PDZ domains of P-Rex1 and PDZ-binding domain of ephrin-B1, as P-Rex1 DPDZ or an ephrin-B1 PDZ-binding domain mutant did not interact. 62 It has been proposed that P-Rex1 might mediate the effects of ephrin-B1 during the development of the cerebral cortex in mice (see section "Neurons and Behavior").
62
EHBP1
Statins have recently been reported to inhibit nuclear Akt phosphorylation and matrigel invasion in insulin-stimulated prostate cancer cells at concentrations too low to affect small G prenylation, by acting through the purinergic GPCR P2£7. 63 EHBP1, an adaptor protein involved in GLUT4 trafficking, 64 was shown to mediate these effects in some but not all prostate cancer cell lines, and variations of P-Rex1 expression levels in these cell lines led the authors to investigate a possible interaction. Proximity ligation assays suggested that P-Rex1 and EHBP1 may indeed interact in the cytosol of insulin-stimulated DU145 cells and in the nucleus of cells treated additionally with statins, 63 but this remains yet to be confirmed by other methods. Confocal microscopy furthermore suggested the possibility of an insulin-dependent interaction between PTEN and P-Rex1, from similarities in their subcellular localizations, but this also requires confirmation through other approaches.
Rap1-GTP/RalGDS P-Rex1 has recently been proposed as a potential target of Rap1-GTP in human umbilical vein endothelial cells (HUVEC; see section "Endothelial Cells and Vascular Biology"), based on siRNA knockdown of the Rap1-GEF Epac1 or of P-Rex1 having similar effects on Weibel Pallade body secretion and on the fact that P-Rex1 could be isolated from HUVEC lysates with the Rap1-GTP binding domain of RalGDS. 65 It is unknown whether P-Rex1 is able to associate with RalGDS independently of Rap1-GTP, or if the association is with Rap1, perhaps independently of RalGDS or Rap1-GTP loading, and if binding might be direct. Interestingly, both Rap1-GTP and P-Rex1 have also recently been shown to mediate E-selectin dependent slow rolling of neutrophils along the vessel wall during inflammation. 31 
Physiological Function
The functional roles of P-Rex1 and P-Rex2 have largely been studied through siRNA or shRNA-mediated knockdown, dominant-negative mutants and mouse knockouts. Two strains of PRex1 ¡/¡ mice 21,30 and 2 of P-Rex2 ¡/¡ mice 11, 12 have been generated, and one P-Rex1 ¡/¡ P-Rex2 ¡/¡ strain. 12 All are viable, fertile and apparently healthy, except for slightly reduced body size, liver size, mild neutrophilia 21 and a characteristic skin pigmentation phenotype 66 in P-Rex1 ¡/¡ mice, and some reduction in body weight in aging female P-Rex2 ¡/¡ mice. 12 However, all P-Rex deficient strains show distinct phenotypes when taxed, as detailed in this section on the physiological P-Rex functions and in sections "Insulin Resistance and Type 2 Diabetes" and "Cancer" on pathophysiological P-Rex functions.
Leukocytes and inflammation ROS formation through the NADPH oxidase complex, of which active Rac is an essential component, was the first physiological role identified for P-Rex family GEFs, through DNA antisense knockdown of P-Rex1 in myeloid NB4 cells. 7 Neutrophils isolated from P-Rex1 ¡/¡ mice display impaired GPCR (fMLP or C5a receptor)-dependent Rac2 and RhoG activity, ROS production, F-actin formation and polarity, as well as a small reduction in cell motility 21, 22, 30 (Fig. 4) . The motility defect is seen in chemokinesis as well as chemotaxis, and comes from a reduction in cell speed rather than directionality, consistent with an impairment in Rac2 activity. 21, 30 The largest defect in fMLP-or C5a-dependent ROS formation is seen upon LPS priming, implying a role for P-Rex1 in TLR4 signaling that remains to be explored. 21 P-Rex1 ¡/¡ mice show impaired neutrophil recruitment during inflammation, including thioglycollate-induced sterile peritonitis 21 and ischemia reperfusion of the kidney 31 ( Fig. 4) . Analysis of P-Rex1 ¡/¡ neutrophils under flow conditions and through intravital microscopy of the inflamed cremaster muscle, together with the analysis of myeloid HL60 cells with shRNA knockdown of P-Rex1, showed that P-Rex1 controls E-selectin dependent activation of the integrins LFA1 and Mac1, affecting the slow rolling and crawling of neutrophils along the vessel wall prior to firm adhesion and transmigration into the inflamed tissue. 31 The fMLP-dependent responses of P-Rex1 ¡/¡ neutrophils were at best partially inhibited by the P-Rex1 deficiency. However, Rac activity is absolutely required for fMLP-stimulated ROS formation and chemotaxis, suggesting that other Rac-GEF families contribute to these responses. As neutrophils lacking the Vav-family Rac-GEF Vav1, which is regulated by tyrosine phosphorylation, showed similar GPCR-dependent defects as P-Rex1
¡/¡ cells, double-deficient mice were generated. Indeed, P-Rex1 ¡/¡ Vav1 ¡/¡ neutrophils showed profound defects in fMLP-receptor-dependent Rac1 and Rac2 activity, ROS formation, adhesion and migration (Fig. 4) . These defects were stronger than in cells lacking the entire P-Rex or the entire Vav family, suggesting that, despite being activated through different mechanisms, P-Rex1 and Vav1 cooperate to generate thresholds of Rac activity required for GPCR-dependent neutrophil responses. It remains to be shown what effect such cooperation of different Rac-GEF families has on the inflammatory response.
In addition to neutrophil responses, P-Rex1 is also important in other myeloid cells. It regulates GPCR-dependent responses, including C5a-stimulated Rac1 activity or ROS formation and C5a-or MCP1-stimulated chemotaxis in mouse macrophages, 15 and P-Rex1 ¡/¡ mice show impaired recruitment of monocytes/ macrophages to the thioglycollate-inflamed peritoneum. 21 Platelets and haemostasis P-Rex1 is expressed in human and mouse platelets, and it binds to Rac1 upon thrombin stimulation. 16 Despite normal platelet development, P-Rex1 ¡/¡ mice show mild defects in haemostasis, as incisions in the tail of P-Rex1 ¡/¡ mice bleed longer and the incidence of re-bleeding of fresh wounds is higher than in control mice. 17 Isolated P-Rex1 ¡/¡ mouse platelets show reduced endogenous Rac1, Akt and Jnk activities upon stimulation of the thromboxane A2 receptor. 17 They adhere and spread normally on fibrinogen in response to thrombin or ADP stimulation, or on fibrillar collagen, 16, 17 but show defects in aggregation and dense granule secretion (ATP release) upon stimulation of the GPCRs for thromboxane A2 or thrombin. 17 However, these defects were only observed at low doses of stimuli, suggesting that P-Rex1 is not absolutely required.
Endothelial cells and vascular biology
Overexpression of P-Rex family Rac-GEFs in endothelial cell lines induces Rac1 activity, cell spreading, lamellipodia formation, membrane ruffling, chemotaxis and matrigel invasion in response to a range of stimuli, as would be expected for a typical Rac-GEF. 7, 8, 18, 61 Interestingly, overexpression of the isolated PDZ domains of PRex1 was sufficient to promote S1P-dependent chemotaxis of pig aortic endothelial cells, which implies a potential Rac-GEF activity independent function and merits further investigation. 61 Yet, endogenous P-Rex proteins also play important roles in various types of endothelial cells. PRex1 is expressed in a range of human endothelial cell lines to a similar level as in macrophages, 36 and shRNA knockdown of 20 These pseudocoloured images show 24 superimposed fields of view of WT (gray) and PRex1
neutrophils (green) adhering to pRGD upon stimulation with fMLP. Data in (A) and (B) were adapted from ref. 21 and data in (C) from ref. 20 (D) Neutrophil Rac-GEF signaling stimulated through the fMLP receptor. Stimulation of the GPCR for fMLP releases Gbg and activates PI3K and protein tyrosine kinases. Gbg and PIP 3 synergistically activate P-Rex1, and Src or Syk activate Vav1. P-Rex1 activates RhoG which leads to activation of Rac1/2, most likely via DOCK2/Elmo 22 . Much of the PRex1 dependent Rac1/2 activity is through RhoG, but it seems likely that at least some is direct, as P-Rex1 ¡/¡ neutrophils have defects in actin polymerization and P-Rex1 ¡/¡ mice in peritoneal recruitment during inflammation that are not seen with RhoG ¡/¡ cells or mice, respectively. 21 ,30,32 P-Rex1 and Vav1 cooperate in fMLP-dependent activation of Rac1/2 and Racdependent responses, including ROS formation through the NADPH oxidase complex (Nox) of which active Rac2 is an integral part, and through the Rac1/2 dependent actin polymerization which is required for adhesion, polarization and migration.
endogenous P-Rex1 in human microvascular endothelial cells (HMEC) inhibited SDF1-stimulated Rac1 activity, as well as chemotaxis and in vitro angiogenesis (formation of capillary-like structures in matrigel) stimulated by SDF1 but not VEGF or FBS. 18 Similarly, P-Rex2b siRNA inhibited S1P-stimulated Rac1 activity and chemotaxis in human umbilical vein endothelial cells (HUVECs). 23 As HUVECs express both P-Rex1 and PRex2b, 23 ,65 they might be a useful system for exploring the possibility of differential physiological roles, as the only other noncancer cell type known to endogenously express both P-Rex1 and P-Rex2 isoforms are cerebellar Purkinje neurons which are very difficult to manipulate.
Rac1 activity is required for the secretion of Weibel Pallade bodies (which contain von Willebrand factor) in HUVECs induced by costimulation with the adrenergic GPCR ligand epinephrine and with IBMX (a phosphodiesterase inhibitor that blocks cAMP metabolism, thereby stabilizing PKA activity and other cAMP-dependent responses). 65 This Rac1-dependent response is mediated by the Rap1-GEF Epac1, and in a search for possible Rap1 targets, P-Rex1 was recently found to interact with the Rap1-GTP binding domain of RalGDS.
65 P-Rex1 siRNA showed that P-Rex1 mediates epinephrine/IBMX-stimulated but not thrombin-stimulated Rac1 activity and Weibel Pallade body secretion. 65 However, this sensitivity to P-Rex1 siRNA was not observed at high doses of epinephrine, suggesting that other Rac-GEFs are able to compensate. Furthermore, epinephrine/IBMX-stimulated Rac1 activity requires PKA as well as PRex1, as shown by use of PKA inhibitors, but it is currently unknown how this apparent cooperation of P-Rex1 and PKA relates to the fact that PKA inhibits the Rac-GEF activity of PRex1. 53, 65 Stimulation of monolayers of human lung microvascular endothelial cells (HLMVEC) with TNFa decreases their barrier function, as assessed by transendothelial electrical resistance (TER), through a weakening of VE-cadherin dependent cell/cell contacts and the induction of gaps between cells in a Rac1-dependent manner. 36 P-Rex1 siRNA showed that this response, as well as TNFa-stimulated Rac1 activity, VE-cadherin phosphorylation, apoptosis and ROS formation, are mediated by P-Rex1. 36 In addition, TNFa-stimulated migration of WT or P-Rex1 ¡/¡ neutrophils across monolayers of HLMVECs treated with P-Rex1 or control siRNA showed that P-Rex1 expression in endothelial cells is more important for "transmigration" than P-Rex1 expression in neutrophils. 36 Intratracheal stimulation of mice with TNFa increases the vascular permeability of the lung, as measured by the leakage of Evans blue albumin from the circulation, resulting in edema. Interestingly, P-Rex1 ¡/¡ mice were completely protected from these effects in one study, 36 whereas another study equally convincingly showed normal vascular permeability in kidney vessels during ischemia-reperfusion injury.
31 Different P-Rex1 ¡/¡ strains were used in these studies, but both strains have comparable defects in neutrophil function and in the inflammatory recruitment of neutrophils or macrophages, 21, 30, 31, 36 so the reason for the discrepancy in vascular permeability remains unclear.
Neurons and behavior P-Rex1 is widely expressed throughout the nervous system whereas P-Rex2 is in quite selectively expressed in the cerebellar Purkinje neuron which controls motor coordination. 12, 19 NGF stimulation of P-Rex1 overexpressing neuronal PC12 cells induces Rac1 activity, lamellipodia formation, membrane ruffling, cell spreading and migration, whereas expression of a dominant-negative DDH mutant of P-Rex1 or siRNA knockdown of endogenous P-Rex1 inhibit these responses. 19 Interestingly, a separate study using stable shRNA knockdown of PRex1 in the same cell line showed that P-Rex1 activates overexpressed Rac3 and inhibits neurite outgrowth and maturation, consistent with reports suggesting that Rac3 activity can have opposite effects to Rac1 activity in neurons, but as mentioned in section "Substrate Specificity", the conditions which may alternatively promote P-Rex1 dependent Rac1 or Rac3 activity require further study. 34 Transient expression of the dominant-negative DDH mutant of P-Rex1 in mouse embryos by in utero electroporation was shown to block neuronal migration within the cerebral cortex. 19 In a recent study which demonstrates that ephrin-B1 controls pyramidal neuron migration and interacts with P-Rex1 during the development of the cerebral cortex, 62 overexpression of the P-Rex1 DDH mutant was used to suggest that P-Rex1 mediates the effects of ephrin-B1. 62 However, as discussed in section "Tools for Assessing P-Rex Function", overexpression of DDH is a difficult tool for assessing P-Rex function in isolation, so the role of P-Rex1 in this process should be confirmed through use of P-Rex1 knockdown, deficiency or GEF-dead point mutant.
To emphasize this point, P-Rex1 ¡/¡ mice show no obvious defects in cerebral development. 12 
P-Rex2
¡/¡ mice have impaired Purkinje cell morphology, with shorter and narrower principal dendrites, and exhibit a mild motor coordination defect which worsens during aging specifically in females 12 (Fig. 5) . The cause of the gender selectivity of this phenotype remains unexplored. It would be interesting to generate conditional P-Rex2 deficiency that could be induced specifically in Purkinje neurons of mature animals to dissect developmental defects from acute impairment of signaling pathways. Interestingly, Vav3 ¡/¡ mice show Purkinje neuronal morphology defects early during development that are compensated for in mature cells, and they show motor coordination defects in postnatal but not older animals. 67 It would be useful to assess the combined roles of P-Rex2 and Vav3 in Purkinje neuron function.
Like P-Rex2, P-Rex1 is also expressed in the cerebellum, but P-Rex1 ¡/¡ mice show normal Purkinje neuronal morphology and motor behavior. 12 In contrast, double-deficiency in P-Rex1 ¡/¡ P-Rex2 ¡/¡ mice exacerbates the phenotype seen in P-Rex2 ¡/¡ mice, with similar morphological defects but a more severe impairment of motor activity, posture and gait that is consistent with cerebellar dysfunction and evident in both males and females from a young age. 12 Patch clamp electrophysiology showed that P-Rex1 ¡/¡ P-Rex2 ¡/¡ Purkinje neurons largely compensate for the dendrite morphology defect, as they show normal passive membrane properties and basal synaptic transmission. However, P-Rex expression is required for the maintenance of cerebellar long-term potentiation, whether evoked through electric stimulation or through nitric oxide donors 68 (Fig. 5) . Finally, a recent report suggested that P-Rex2 may also be expressed in mouse retinal neurons, 69 but this requires confirmation through knockdown or P-Rex2 ¡/¡ controls. For a detailed recent review on the role P-Rex1 and P-Rex2 in neuronal synaptic plasticity and behavior, see reference number. 70 Melanocytes and pigmentation When crossed onto a C57Bl6 genetic background, P-Rex1 ¡/¡ mice have black fur except for white bellies, feet and tail tips. 66 This pattern of pigmentation is caused by impaired melanoblast migration from the neural crest around the body of the developing embryo, rather than by impaired proliferation, and it cannot be overcome by genetically induced hyperproliferation of melanoblasts 66 (Fig. 6 ). This role of P-Rex1 in melanoblast migration is biologically relevant as it translates into a critical role in metastasis upon transformation of mature melanocytes into melanoma cells (see section "Melanoma"). 66 To investigate whether this role in melanoblast migration is entirely due to P-Rex1-dependent activation of Rac1, P-Rex1 ¡/¡ mice were crossed to a mouse strain with a melanocyte-specific deletion of Rac1 that shows a similar white-belly phenotype as P-Rex1 ¡/¡ mice, but from impaired melanoblast proliferation as well as impaired migration, 71 The expectation was that melanocyte P-Rex1 would signal largely through Rac1 in melanocytes and that, therefore, the double-mutant strain should have a similar coat color. Surprisingly though, P-Rex1 ¡/¡ Tyr::Cre Rac1 fl/fl double-mutant mice were almost entirely white, due to a substantial reduction in melanocyte numbers caused by Rac1-independent decrease in melanoblast proliferation as well as through Rac1-dependent impairment in melanoblast migration. 72 Therefore, P-Rex1 clearly has Rac1-independent as well as Rac1-dependent functions in melanocyte development. It has been suggested that the Rac1-independent function of P-Rex1 in melanoblast proliferation might be mediated through its recently described role as a RhoG-GEF, 22 but this hypothesis remains to be tested experimentally.
Zebrafish development
Only one study has so far investigated P-Rex family Rac-GEFs in non-mammalian vertebrates. In zebrafish, the TGF-b like cytokine Nodal is important in endoderm and mesoderm impaired Purkinje cell morphology, with shorter and narrower principal dendrites. 12 The image shows a single Purkinje neuron in a cerebellar slice from a PRex2 ¡/¡ Pcp2-GFP mouse brain which expresses GFP to enable detailed morphological analysis. (B) PRex1 ¡/¡ P-Rex2 ¡/¡ Purkinje neurons can largely compensate for the dendrite morphology defect, but patch clamp electrophysiology showed that they have impaired maintenance of long-term potentiation. 68 
(C) P-Rex2
¡/¡ mice exhibit a mild motor coordination defect which worsens during aging specifically in females. 12 In P-Rex1 ¡/¡ PRex2 ¡/¡ mice, this phenotype is exacerbated. 12 Data in (A) and (C) were adapted from ref. 12 (B) from ref.
formation, by stimulating transcription factor expression and cell migration during gastrulation, and at least the latter occurs in a Rac1 dependent manner. 73 Microarray analysis identified PRex1 as a potential target of Nodal in zebrafish endoderm. 73 Morpholino knockdown in endodermal cells of zebrafish embryos showed that P-Rex1 mediates Rac1 activity and affects the persistence and speed of cell migration in a manner similar to Nodal, and P-Rex1 overexpression partially rescued endodermal cell migration lost upon inhibition of Nodal. 73 However, it is unknown whether P-Rex1 is sufficient to affect development into mature fish. Furthermore, P-Rex1 may affect embryonic development specifically in fish. In mammals, its role in embryonic development seems minor, as P-Rex1 ¡/¡ mice develop into healthy animals.
Insulin Resistance and Type 2 Diabetes
A role of P-Rex family Rac-GEFs in metabolic syndrome is currently emerging. P-Rex2 controls insulin signaling at least partially through its inhibition of PTEN and the resulting increase in PIP 3 11 (Fig. 3B) . Insulin-stimulated P-Rex2 ¡/¡ MEFs show reduced phosphorylation of Akt, Foxo1/3 and GSK3-b, and loss of PTEN inhibition. 11 Similarly, Akt, Foxo1/3 and Gsk3-b phosphorylation are reduced in adipose tissue and liver of PRex2 ¡/¡ mice injected with insulin. PTEN activity is elevated and PIP 3 levels are reduced in P-Rex2 ¡/¡ livers despite normal PI3K activity. Importantly, P-Rex2 deficiency is sufficient to affect glucose homeostasis and insulin sensitivity. Despite normal baseline blood glucose levels, P-Rex2 ¡/¡ mice show increased peak and sustained blood glucose levels upon glucose challenge, suggesting defects in glucose uptake. 11 Furthermore, while blood glucose levels drop initially upon insulin injection of PRex2 ¡/¡ mice, as expected, the response is unsustained, suggesting that P-Rex2 deficiency might cause insulin resistance. 11 This seems to be relevant in humans, as adipose tissue from insulinresistant people shows reduced P-Rex2 protein levels and higher PTEN activity than that of healthy subjects. 11 As insulin resistance can lead to type 2 diabetes, it is likely that reduced P-Rex2 expression in highly insulin-responsive tissues may contribute to the development of this disease, a possibility that requires urgent further research. It would be valuable to generate a GEF-dead P-Rex2 knock-in mouse (not trivial seen that 2 residues in different exons need to be mutated) to evaluate the relative contributions of GEF-activity independent effects (on PTEN and perhaps other targets) and of the Rac-GEF activity of P-Rex2 in insulin signaling and glucose homeostasis.
Like P-Rex2, P-Rex1 also mediates insulin signaling 54, 56, 63, 74, 75 (Fig. 3B) and has been tentatively linked to type 2 diabetes, 76, 77 although in contrast to P-Rex2, P-Rex1 dependent insulin signaling seems to be entirely mediated through its Rac-GEF activity.
54,74,75 P-Rex1 is endogenously expressed in 3T3-L1 adipocytes, and P-Rex1 siRNA reduces insulin-stimulated glucose uptake by these cells. 74 This could be due to effects of P-Rex1 on the trafficking of the transmembrane glucose transporter Glut4. Coexpression of P-Rex1 with an exofacially-tagged form of the transporter in 3T3-L1 adipocytes showed that P-Rex1 promotes the insulin-stimulated plasma membrane localization of Glut4. 74 While the effect of P-Rex1 on total cellular Glut4 levels remains to be determined, a dominant-negative Rac1 mutant was shown to block P-Rex1 dependent Glut4 membrane localization, suggesting that P-Rex1 mediates Glut4 trafficking via Rac. 74 SNP analysis provided a potential link of P-Rex1 with type 2 diabetes. The human PREX1 locus is near a region on chromosome 20 associated with type 2 diabetes (20q12-13.1). Sequencing of this region in type 2 diabetes patients with end-stage renal disease identified 3 SNPs in the perigenic 3 0 region of PREX1 that are significantly disease-associated, and one of these SNPs was also found in a separate cohort of patients without renal disease. 76 A follow-up study with further patient cohorts and additional analysis by body mass index showed no association with obesity alone but identified , but a drastic reduction in the formation of metastases in the lung, liver and brain, which results in a significant improvement in survival. 66 Data were adapted from reference. 66 further SNPs significantly associated with type 2 diabetes, and 6 of these were seen specifically in obese type 2 diabetes patients. 77 It was concluded that SNPs in the 3' perigenic region of the PREX1 locus, while not predisposing people to obesity, may predispose obese people to developing type 2 diabetes. 77 However, it remains to be seen if any of these SNPs actually affect the PREX1 gene rather than other genes in the vicinity, and in which way.
Cancer P-Rex1 and P-Rex2 are important for tumor growth and/or metastasis in several types of cancer, particularly in breast and prostate cancer and in melanoma. The roles in of P-Rex family Rac-GEFs in cancer generally 4, 78, 79 , in breast cancer 80, 81 and in melanoma [82] [83] [84] have recently been reviewed in detail elsewhere, so they will only be briefly summarised and updated here. It should be noted that there are no reports yet demonstrating spontaneous tumor formation in P-Rex2 ¡/¡ mice, as might have been expected from the P-Rex2-dependent inhibition of the tumor suppressor PTEN.
Overexpression and mutation P-Rex1 is overexpressed in thyroid, breast, kidney, prostate and colon cancer as well as in melanoma, 51, 66, 85 and P-Rex2 is overexpressed in breast, prostate, pancreatic and ovarian cancer and glioma. 58 The PREX1 locus is amplified in some but not all breast cancer cell lines that show overexpression, suggesting that amplification is an important mechanism in the deregulation of P-Rex1, but not the only one. 51 In metastatic prostate cancer cells, upregulation of P-Rex1 is a consequence of lost repression through HDACs. 24 However, as discussed in section "Tissue Distribution and Regulation of Expression," it is currently unknown why this repression is specifically lost in metastatic rather than non-metastatic cells, or whether the same mechanism applies in other types of cancer. The PREX2 locus is in a genomic region linked to aggressive cancers and metastasis and is frequently amplified in melanoma, breast, prostate and colorectal cancers. 58, 86 In melanoma, the locus also undergoes also chromosomal translocations and rearrangements, suggesting that multiple mechanisms contribute to the deregulation of P-Rex2. 86 Stringent analysis of combinations of databases revealed somatic mutations in P-Rex2 in an average of 3% of samples from different types of human cancers, including pancreatic, colorectal and lung cancers, whereas somatic mutations in PRex1 are around 10-fold rarer. 58 Mutation rates vary between cancer types and are particularly high for P-Rex2 in melanoma 86 and potentially for P-Rex1 and P-Rex2 in lung cancer. 87 Largescale whole genome sequencing revealed that 14% of human melanomas show mutations in P-Rex2 (detailed in section "Melanoma,"), making P-Rex2 the most mutated Rac-GEF in cancer and the third most mutated protein in melanoma after BRaf and N-Ras. 86 Furthermore, exome sequencing of lung cancer samples from 97 Japanese patients recently suggested that PRex1 and P-Rex2 may be among the 10 most frequently mutated genes in lung cancer. Five non-synonymous mutations were found in P-Rex1 (4 of which in the DH domain) and seven in PRex2 (6 of these in the PH and DEP domains). 87 However, the mutations described in this study have not yet been confirmed by other methods or evaluated experimentally.
Breast cancer P-Rex1 is highly overexpressed in human breast tumors, and P-Rex2 expression is increased in breast tumors with wild-type PTEN status and correlated with activating mutations of PI3K. 58 Both Rac-GEFs promote the growth of breast cancer cells, and at least P-Rex1 also promotes tumor growth in mice. 51, 58 Analysis of breast cancer cell lines suggested that P-Rex1 affects both growth and motility through its Rac-GEF activity, whereas PRex2 promotes growth at least in part through its GEF-activity independent inhibition of PTEN. P-Rex1 is not expressed in normal breast tissue but is found in 58% of human breast tumor samples, with higher expression in metastasising tumors and highest in lymph node metastases. 10, 51, 81 Comparing breast cancer subtypes, P-Rex1 expression is highest in the luminal B subtype and lowest in basal-like tumors and correlates with estrogen receptor and ErbB2 expression. 51 Disease-free survival is significantly reduced in breast cancer patients with tumors that express high levels of P-Rex1 compared to patients with tumors expressing low levels. 10 Like in the patient samples, P-Rex1 is overexpressed in human breast cancer cell lines that are derived from luminal but not from basal-type breast tumors. 51 Knockdown of P-Rex1 in T47D, BT474 or MCF7 breast cancer cells inhibits Rac1 activity stimulated through various RTKs. 10, 51, 54 shRNA knockdown of PRex1 impairs the HRG-stimulated chemotaxis and soft agar colony formation of T47D or BT474 cells 51 and the NRG-or IGF1-stimulated adhesion to fibronectin, motility in scratch wound assays, matrigel invasion, and proliferation of MCF7 cells. 10, 54 Furthermore, shRNA knockdown of P-Rex1 in BT474 or MCF7 cells impairs tumor growth in nude mice when these cells are injected into the flanks or orthotopically into the mammary fat pad. 10, 51 As discussed in section "Activation by PIP3 and Gbg," ErbBdependent activation of P-Rex1 Rac-GEF activity in breast cancer cells is at least in part mediated through transactivation of CXCR4, Gbgs and GPCR-dependent PI3K activity, but CXCR4 also signals through Gbg-and PI3K-independent routes, and ErbB through tyrosine kinase-dependent PI3Ks, with the relative contributions of these pathways remaining to be investigated. 51 Furthermore, as detailed in section "Regulation through Kinases," some but not all RTKs regulate P-Rex1 in breast cancer cells through unidentified serine kinases, and phosphosite mutants suggested that these phosphorylation events are sufficient to affect the P-Rex-dependent proliferation of MCF7 and HCC3153 breast cancer cells. 10, 54 A recent investigation into the Erk pathway in breast cancer cell lines with activating PI3K mutations and/or ErbB2 amplifications revealed that PI3K activates the Raf/Mek/Erk pathway in these but not in other types of breast cancer cells, and that this activation occurs in a Rac1/Pak dependent manner. 88 P-Rex1 was identified as the PI3K-sensitive Rac-GEF in this pathway, through knockdown of P-Rex1 in T47D or MCF7 cells which reduced the phosphorylation of c-Raf, Mek and Erk but not Akt. 88 Moreover, P-Rex1 expression levels were shown in a range of breast cancer cell lines to correlate with the sensitivity of Rac1 and Erk activity in these cells to PI3K inhibitors, although not with total Rac1 activity. It was proposed that global Rac1 activity is irrelevant for Erk signaling in these cells, but that a specific PI3K/P-Rex1 sensitive pool of Rac1 is required. 88 It remains to be seen if such specialized pools of Rac1 activity exist and how the cell would be able to identify and interpret them, and also it remains to be shown if the P-Rex1-dependent Rac/Pak/Raf/Mek/Erk pathway is in any way linked to specific upstream receptors.
Unlike P-Rex1, 51 P-Rex2 expression correlates with activating PI3K mutations in human breast tumors. 58 shRNA knockdown of P-Rex2 inhibits AKT phosphorylation and cell proliferation in PTEN expressing MCF7 cells but not in PTEN-deficient BT549 breast cancer cells. 58 Overexpression of P-Rex2 or iDHPH promotes proliferation of the immortalized human mammary cell line MCF10A under low-serum conditions, and coexpression with constitutively active PI3K induces serum-independent growth, the formation of "multilobulated mammospheres" in matrigel with signs of invasion, and soft agar colony formation. 58 Rescue experiments with active PTEN in P-Rex2 knockdown cells and comparison of WT and GEF-dead P-Rex2 in PTEN expressing cells remain to be done to evaluate the extent of breast cancer cell growth being mediated through P-Rex2 dependent inhibition of PTEN. Finally, the effects on P-Rex2 expression in breast cancer cells on tumor growth in mice also remain to be assessed.
Melanoma P-Rex1 is not detectable in adult human skin, but is strongly expressed in 80% of primary and metastatic melanoma, with highest expression in lymph node metastases.
66 P-Rex1 is also upregulated in human melanoma cell lines, and its expression level correlates with invasiveness, regardless of N-Ras or B-Raf status.
66 P-Rex1 siRNA reduces matrigel invasion of the melanoma cell lines CHL1 and WM852. 38, 66 P-Rex1 ¡/¡ mice show normal formation and growth of primary tumors when crossed to the metastatic melanoma model Tyr::Nras Q61K Ink4a ¡/¡ , but a drastic reduction in metastases of the lung, liver and brain that results in a significant improvement in survival. 66 Stable overexpression of WT but not of GEF-dead P-Rex1, nor of the related Rac-GEF Tiam1, restores matrigel or organotypic invasion of melanocyte lines derived from the skin of Tyr::Nras
Q61K
Ink4a
¡/¡ /P-Rex1 ¡/¡ pups, which shows that P-Rex1 mediates these responses specifically through its Rac-GEF activity. 66 As mentioned above, P-Rex2 is frequently mutated in human melanoma. 82, 84, 86, 89 Whole-genome sequencing of 25 human metastatic melanomas showed that 11 genes are significantly mutated, led by B-Raf and N-Ras as expected, but closely followed by P-Rex2. In these 25 metastatic melanomas, 13 non-synonymous mutations were found in P-Rex2, which were distributed throughout the length of the protein. Four of these mutations were truncations, the others missense. Capillary sequencing of a further 107 melanoma samples revealed 15 more non-synonymous mutations, of which one was a truncation, the rest missense. From these numbers, it was concluded that 14% of human melanomas carry P-Rex2 mutations. At least some of these mutations are pathobiologically relevant, as tumor incidence was increased and tumor-free survival reduced in nude mice injected with immortalized human melanocytes that have an N-RasG12D-activating mutation and express the P-Rex2 mutants K278*, E824*, G844D or Q1430*, whereas coexpression of P948S or G106E had little effect and WT P-Rex2 none. 86 Future analysis of these P-Rex2 mutations on the molecular level for their effects on Rac-GEF activity, subcellular localization and PTEN interaction is imperative. Studies with purified mutated recombinant P-Rex1 or P-Rex2 proteins would predict that only one of these P-Rex2 mutants, K278* -which results in an iDH protein -should have considerable constitutive Rac-GEF activity 37, 42 and be unable to interact with and inhibit PTEN 11 or translocate robustly to the plasma membrane. 37 In contrast, E730* or E824* which result in DIP4P proteins not unlike P-Rex2b should not harbor substantial constitutive activities and be responsive to PIP 3 and Gbg, although likely not with the same sensitivity as the full-length protein. 42 Similarly, the Q1430* mutant which lacks the very C-terminal tail of P-Rex2 might have reduced affinity for Gbg. 43 Due to the lack of structural information on P-Rex family Rac-GEFs, the effects of the point mutants are even harder to predict. Yet, even prior to the elucidation of the underlying mechanisms, the substantial impacts of the deregulation of both P-Rex-family Rac-GEFs in melanoma, together with the frequent occurrence of Rac1 mutations in this disease, 90, 91 are regarded as the most compelling evidence for driver functions of Rho-family small GTPases and their GEFs in cancer. 4 Prostate cancer P-Rex1 expression is low in normal human prostate and primary prostate tumors but high in lymph node metastases. 85 PRex1 is also highly overexpressed in human metastatic prostate cancer cell lines. 24, 63, 85 siRNA knockdown of P-Rex1 in PC3 metastatic prostate cancer cells reduces Rac1 activity, transwell migration and matrigel invasion stimulated by EGF or SDF1. 63, 85 Similarly, overexpression of P-Rex1 in non-metastatic prostate cancer cell lines promotes transwell migration and matrigel invasion. 85 However, it is insufficient to promote tumor formation upon subcutaneous injection into nude mice, suggesting that P-Rex1 does not affect tumor growth in this type of cancer. 85 In contrast, it is sufficient to induce the formation of lymph node metastases upon orthotopic implantation into NOD/SCID mice. Moreover, this pro-metastatic effect of PRex1 in prostate cancer seems to require the Rac-GEF activity of P-Rex1, as overexpression of a P-Rex1 DDH mutant (see section "Tools for Assessing P-Rex Function") does not promote lymph node metastasis. 85 Other cancers In addition to melanoma, breast and prostate cancer, P-Rex family Rac-GEFs have been functionally implicated in neuroblastoma and in ovarian, lung and gastric cancers, mainly through studies in cell lines but also through the recently identified mutations in tumors from lung cancer patients which remain to be evaluated (see section "Overexpression and Mutation"). 87 P-Rex1 is expressed in the human ovarian carcinoma cell line SKOV-3, and shRNA knockdown inhibited IGF-1 stimulated Akt phosphorylation and migration in these cells. 56 Similarly, shRNA knockdown of endogenous P-Rex1 in A549 lung epithelial cancer cells inhibited their IGF-1 stimulated migration and matrigel invasion. 56 In the lung cancer cells, Rac1 activity, chemotaxis and matrigel invasion, as well as the secretion of MMP-2 gelatinase could also be synergistically stimulated through GPCRs and RTKs, for example with combinations of LPA and EGF, and shRNA knockdown of P-Rex1 abolished these synergistically stimulated responses. 75 P-Rex2 was recently shown to be overexpressed in gastric cancer samples from 2 patients compared to their paired normal tissue. 26 This is obviously a small sample size, but P-Rex2 siRNA also suppressed the growth of the gastric cancer cell line BGC-823, possibly through mild effects on cell cycle progression and rate of apoptosis. 26 Finally, P-Rex2 is also expressed in several human neuroblastoma cell lines, and P-Rex2 siRNA in SH-SY5Y or GI-Li-N cells reduced Akt phosphorylation, migration and matrigel invasion in the presence of serum, as well as soft agar colony formation.
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Targeting P-Rex in cancer In summary, overexpression of P-Rex1 promotes the growth of breast tumors and the metastasis of melanoma and prostate cancer, overexpression of P-Rex2 promotes the growth of breast cancer cells, and at least some of the P-Rex2 mutations found in melanoma can increase Ras-dependent tumor formation. Roles in the growth or migration of cells from other types of cancers are also emerging. These important roles in a wide range of cancers make P-Rex family Rac-GEFs attractive targets for cancer therapy.
Targeting of P-Rex Rac-GEF activity in cancer is preferable to direct targeting of Rac, which would likely have considerable cytotoxic effects, considering past endeavors to target other small G proteins. 92 Targeting P-Rex Rac-GEF activity seems more promising, as these proteins are expressed in a limited number of tissues but strongly overexpressed in tumors, and because they are coupled to specific signaling pathways. Yet, targeting of RacGEFs is not a trivial task. To block P-Rex activity efficiently, the catalytic domain would need to be targeted, and this implies affecting the interaction with Rac. The targeting of protein/protein interactions carries inherent problems, as they occur with relatively low affinities and usually over large stretches of surface that are difficult to affect specifically. In addition, the fact that the catalytic DH domains of P-Rex family Rac-GEFs are homologous to those of 70 other Dbl-type GEFs must further complicate the development of P-Rex specific inhibitors. However, the task cannot be impossible, as small molecule inhibitors for other Rac-GEFs are slowly beginning to emerge, the best example being NSC23766 which inhibited Tiam1 and Trio, but not Vav1, at micromolar concentrations. 93 Therefore, despite not expected to be straightforward, the development of small molecule inhibitors of P-Rex Rac-GEF activity seems both extremely worthwhile and potentially feasible.
In addition to Rac-GEF activity, another targetable aspect of P-Rex biology is the GEF-activity independent inhibition of PTEN by the P-Rex2 PH domain in breast cancer cells. 11, 58 Blocking this protein/protein interaction would affect P-Rex2 specifically, as P-Rex1 does not interact with PTEN. Furthermore, although PH domains are conserved in a multitude of signaling proteins, it seems likely that the PH domain of P-Rex2 is sufficiently different from others to be specifically targetable. However, as discussed in section "PTEN," despite experiments in cell lines that suggest an important role of this interaction in cell growth, it is not yet clear how much the P-Rex2 dependent inhibition of PTEN contributes to tumor growth in breast cancer.
As well as targeting P-Rex proteins directly, other promising avenues of targeting these GEFs in cancer include blocking their activation indirectly through their upstream signaling pathways. This could be useful for targeting P-Rex, despite the inherent danger of affecting P-Rex-independent as well as P-Rex-dependent pathways. Another possible approach could be the blockade of the interaction of P-Rex with mTOR. 79 Experiments in breast cancer cell lines have already begun to show that the former of these avenues holds promise, as P-Rex1 expression levels correlate with the sensitivity of cell growth to the PI3K inhibitor GDC-0941 in cells that harbor ErbB2 amplifications or PI3K activating mutations, whereas growth inhibition of xenografts from breast cancer cells with low P-Rex1 expression in xenografts required the concomitant treatment with GDC-0941 and the MEK inhibitor AZD6244. 88 These experiments led to the proposal that P-Rex1 expression levels could be used as a biomarker for the suitability of breast cancers for treatment with single-agent inhibitors. 
Future Directions
What is the next big thing in P-Rex research? Conceptually, the most exciting emerging role is that of P-Rex1 in protein and vesicle trafficking. Coexpression of P-Rex1 with the GPCR for S1P in endothelial cells attenuates the S1P-stimulated internalization of the receptor, 61 and coexpression with the glucose transporter Glut4 in adipocytes promotes the insulin-stimulated plasma membrane localization of the transporter, 74 although whether these protein trafficking events occur on the endogenous protein level is yet to be investigated. Yet, effects of P-Rex1 on vesicle trafficking have been shown to occur on the endogenous level and are sufficient to alter cell responses. Platelets from PRex1 ¡/¡ mice show defects in dense granule secretion upon stimulation of the thromboxane or thrombin receptors, 17 and P-Rex1 siRNA impairs Weibel Pallade body secretion in HUVECs upon stimulation with epinephrine and IBMX. 65 Rac activity, although not required for constitutive trafficking such as ER to Golgi transport, is required for regulated endocytic, phagocytic and secretory processes. 94 Few Rac-GEFs are known to mediate these responses, and the mechanisms through which they exert this regulation are even less understood.
In addition to this exciting new functional role of P-Rex1, many fundamental questions remain in the P-Rex field which have been alluded to throughout. Among the most urgent issues are structural information for both P-Rex1 and P-Rex2, the molecular characterization of the P-Rex2 mutations observed in melanoma, the possibility of P-Rex2 regulation through PTEN, the paucity of known direct binding partners for both P-Rex1 and P-Rex2, work with human patients on the emerging role of P-Rex family Rac-GEFs in insulin resistance and possibly type 2 diabetes, and an investigation whether the impairments in leukocyte recruitment and function in P-Rex1 ¡/¡ mice translate into roles in immunodeficiencies or inflammatory conditions in humans.
APPENDIX: Assays and Tools
Many different useful tools have been generated for P-Rex research, including DNA constructs, purified recombinant proteins, various probes for expression, and knockdown tools. These are summarized in Table 1 . P-Rex ABs which have been validated by publication and through the use of specificity controls are listed in Table 2 .
Assays for P-Rex activity Two types of in vitro assays have been employed for measuring P-Rex GEF activity in vitro, a liposome-based assay that measures the loading of 35 S-labeled GTPgS onto the recombinant small G protein and provides excellent signal-to-noise ratio, 7, 14 and a mant fluorescence based assay that measures the loading of mant-labeled GTP onto the small G protein in real time. 35 Similarly, in vivo, 2 types of assays have been used for measuring the effects of P-Rex on cellular Rac activity, the Pak-CRIB pull down assay 95 which is used most often (see for example references 7, 20, 21 ) and GLISA. 34 The Pak-CRIB assay is more labor-intensive but yields better signal-to-noise ratio. Another assay that has proved very useful for assessing P-Rex dependent activation of Rac in vivo which, although indirect, is very sensitive, is the assessment of cell morphology for Rac activity-sensitive features such as lamellipodia formation, membrane ruffling and spreading by imaging (see for example references 7, 19 ). For measuring the RhoG-GEF activity of P-Rex1 in neutrophils, a GST-ELMO based pull down assay has been successfully employed. 35 As mentioned in section "Regulation of Subcellular Localization," membrane translocation has been used to monitor PRex activity. While membrane localization can indeed be a good indicator of activity in many instances, translocation should not be used as a stand-alone readout for P-Rex activity, both because GEF-dead P-Rex1 can translocate to the plasma membrane and because cytosolic P-Rex1 has detectable Rac-GEF activity. 7, 37 Also, as with many other Rac-GEFs, it can be tricky to assess P-Rex membrane translocation by immuno-fluorescence microscopy, because P-Rex-dependent Rac activity results in lamellipodia formation and membrane ruffling. This induces the cell to have a very different morphology from control cells and can look deceptively like membrane translocation of the Rac-GEF. To avoid confusion of the accumulation of cytosolic P-Rex in lamellipodia and ruffles with membrane translocation, ideally the plasma membrane should be labeled in parallel for comparison, e.g. with lipophilic dye.
As serine phosphorylation events can modulate P-Rex activity and phosphospecific ABs are becoming available 10, 41, 54 it might be tempting to use these ABs to monitor P-Rex activity by Western blot. However, phosphorylation is only one of several mechanisms that regulate P-Rex activity, and too little is currently known to correlate phosphorylation of specific sites with total activity. Finally, with the recent development of a Rac-FRET reporter mouse, 96 it should soon be possible to monitor P-Rex Rac-GEF activity in living primary cells, once the reporter mouse strain has been crossed to P-Rex-deficient strains.
Tools for assessing P-Rex function
RNAi has been used successfully by many labs to elucidate P-Rex function in cell lines, for example in the papers listed in Table 1 . In addition, 2 different types of dominant-negative P-Rex mutants have been developed: a GEF-dead mutant with 2 point mutations in the DH domain and a DDH domain mutant. As always with dominant-negative mutants, careful control of expression levels is important, and they should not be used in isolation to elucidate function. Use of the DDH mutant is particularly tricky, as the lack of the entire DH domain is likely to unbalance downstream signaling pathways. For example, it is conceivable that the overexpressed DDH mutant could act as a PIP 3 sponge and inhibit PI3K responses rather than providing a specific readout of P-Rex function. Finally, as mentioned in section "Physiological Function," the P-Rex-deficient mouse strains P-Rex1 ¡/¡ , 21,30 P-Rex2 ¡/¡11,12 and P-Rex1 ¡/¡ P-Rex2
have proven invaluable for evaluating function, as have the www.tandfonline.comrelated P-Rex1 ¡/¡ Vav1 ¡/¡ and P-Rex1 ¡/¡ Vav3 ¡/¡ mice, 20 a P-Rex2 ¡/¡ eGFP-Pcp2 strain which expresses GFP in Purkinje neurons, 12 and the recently described P-Rex1 ¡/¡ Tyr-Cre Rac1 fl/ fl strain with a global P-Rex1 deficiency and additional melanocyte-specific Rac1-deficiency. 72 The phenotypes of these P-Rexrelated strains were described in detail in sections "Physiological Function," "Insulin Resistance and Type 2 Diabetes," and "Cancer."
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